This paper presents different strengthening techniques to improve the shear capacity of existing 4 thick concrete slab structures that were constructed without shear reinforcement. Reinforcing 5 bars are installed into vertical drilled holes and anchored with epoxy adhesive to increase the 6 shear capacity. Experiments on retrofitted beams, representing slab strips, showed that all of the 7 strengthening techniques investigated resulted in increased shear capacities. The shear failure 8 mechanisms of the strengthened beams showed that, as expected, current evaluation methods for 9 elements with conventional, well-anchored stirrups can lead to an overestimation of the shear 10 capacities. The efficiency of the strengthening techniques is strongly influenced by the 11 performance of the end anchorage of the drilled-in bars. The effectiveness of the epoxy-bonded 12 bars is a function of their embedded length and they can, in some cases, debond before they 13 reach their yield strength. By using the maximum bar spacing required by the Canadian Highway 14 Bridge Design Code or the AASHTO-LRFD design specifications, bonded shear reinforcing bars 15 may debond and offer poor performance. A maximum transverse reinforcement spacing criterion 16 is therefore suggested for the added bonded bars.
Introduction 19
Concrete thick slab bridges typically have spans ranging from 6 m to 25 m (20' to 80') with a 20 structural slab thickness of 300 mm to 1500 mm (12 in. to 60"). For this simple structural 21 system, the thick slab is designed to carry all loads and therefore no support beams (girders) are 22 required. For the design of thick concrete slabs, it is often assumed that the shear capacity 23 provided by the concrete is sufficient to resist the shear and therefore, no shear reinforcement is 24 required. On September 30 th , 2006, the Concorde overpass (Laval, Quebec, Canada) collapsed, 25 killing five people and injuring six others (Fig. 1) . Even though the original design complied 26 with standards at the time of construction, a shear failure in the cantilever region of the 27 supporting concrete thick slab led to collapse (Johnson et al. 2007; Mitchell et al. 2011 ). This 28 shear failure occurred in the 1200 mm (48 in.) thick slab that did not contain any shear 29 reinforcement. The shear failure was very brittle and lead to the sudden collapse of one-half of 30 the overpass structure. For the Concorde overpass collapse, the investigation has shown that 31 concrete degradation with time resulted in the propagation of inclined cracks, followed by a 32 brittle shear failure. That tragic event raised questions concerning the safety of many aging thick 33 concrete slab bridges without shear reinforcement. Moreover, the investigation showed that the 34 provision of the minimum amount of shear reinforcement recommended by the 2014 Canadian 35
Highway Bridge Design Code S6 (CHBDC) (CSA 2014a) This paper presents shear strengthening techniques that can be used on existing concrete thick 49 slab structures to improve the shear capacity (Fig. 2) . The loading tests performed as well as the 50 comparison between shear capacities of concrete thick slab strips (beams) strengthened and 51 unstrengthened in shear are presented. The techniques investigated consist of placing reinforcing 52 bars into pre-drilled vertical holes with epoxy bonding. The performance of this system has been 53 examined through experimental tests. The responses of the strengthened beams are compared to 54 tested reference beams, with conventional stirrups and without stirrups. 55
Description of Post-Installed Shear Strengthening methods 56 Fig. 2 shows the installation of two strengthening techniques. The first method (Fig. 2a) consists 57 of filling drilled holes with high-performance epoxy adhesive to bond the full length of steel bars 58 to the concrete. For this case, the holes are drilled from the top surface and the bars are inserted 59 into the epoxy-filled holes from the top. The alternative method (Fig. 2b) consists of introducing 60 the epoxy-bonded shear reinforcement from both the top and bottom slab faces, in order to 61 provide longer bar embedded lengths near the bottom surface. 62
Experimental Program 63
Two series of three point loading tests were performed for a total of 15 beams representing thick 64 6 third of the span only (three point loading). The loading was applied at a rate of 10 mm/h and 109 beam deflections were measured at the loading location. Strain gages (red points in Fig. 3) were 110 used to measure strains in the shear and longitudinal reinforcing bars. LVDTs (Linear Variable  111 Differential Transformers) were installed on the side faces of the beams at mid-depth to measure 112 shear crack width development. A crack comparator was used to measure crack widths. After the 113 tests, concrete core samples were extracted from the beams and some beam sections were cut to 114 examine the anchorage quality of the bonded bars. 115
For the second test series, after the occurrence of shear failure, the beams were strengthened with 116 steel clamping devices as shown on the right hand side of Fig. 4 . This allows the reloading of a 117 beam (40 mm/h) until the failure of the other half of the beam (left hand side of Fig. 4 ). To 118 distinguish between loading and reloading tests of the same beam, these reloaded beams are 119 identified as beams "R", such as: B4-1R, B5-1R and S1-1R. 120 
Test Results 121

Behavior of slab strips 129
Unstrengthened beams (Beams U1, U2 and U3) 130
As expected, beam specimens U1, U2 and U3 had only minor diagonal cracking up to the7 maximum failure load. Shear failure occurred after the sudden formation of a critical inclined 132 crack and a horizontal splitting crack along the longitudinal reinforcement. These failures 133 occurred suddenly, with little or no warning. The shear strengths of beams U1, U2 and U3 were 134 324, 291 and 342 kN, respectively. The post-failure resistances were about 100 and 160 kN for 135 beam specimens U1 and U2, respectively. Beams U3 showed almost no post-failure resistance. 136
These tests demonstrate the danger associated with the sudden shear failure mode of concrete 137 thick slab structures without shear reinforcement. 138
Beam with conventional stirrups (Beam S1) 139
The main critical shear crack leading to failure was visible on both sides of beam S1 at a shear of 140 about 525 kN and this critical crack progressed slowly during the remaining loading. Beam S1-1 141 failed at a central deflection of 10.7 mm and a corresponding shear of 726 kN. With a post-142 failure resistance of 500 kN (decrease of 35%), beam S1-1 exhibited a larger residual shear 143 capacity than the other beams. The reloaded beam test S1-1R was stopped before the shear 144 failure because of the yielding of the steel clamped assemblies used on the other half span. The 145 shear capacity of the beam test S1-1R is therefore higher than 809 kN (see Table 1 ). 146
Beams with bonded shear reinforcing bars (Beams B1, B2, B3, B4) 147
The beams strengthened with drilled-in, bonded shear reinforcing bars exhibited rapid 148 propagation of a wide diagonal crack with a significant decrease of the beam stiffness. 
Observation of internal cracking 188
After testing, the beams were dissected to enable inspection of the internal shear cracking and to 189 see the intersection of this cracking with the added shear reinforcing bars. .
The maximum values are given in Table 3 according 206 to the maximum bar strain shown in Fig. 8 As seen in Fig. 8 , strains in the bonded shear reinforcing bars only occurred after the shear 210 cracking load was reached. For beam B5-1 (Fig. 8) , the propagation of two diagonal cracks 211 resulted in increased bar strains at a deflection of about 2.5 mm. The first diagonal crack 212 intercepted the bars at location R2b (see Fig. 6 ) and its propagation stopped, while the second 213 crack crossed the bars at locations R3b, R3t and R4t. Some beams with shear reinforcement 214 failed shortly after the yielding of one set of added reinforcing bars. The force that can be 215 developed in each bar is a function of the bar embedment length defined by the location of the 216 diagonal crack. When the diagonal crack intercepts a reinforcing bar close to one of its ends, the 217 resulting embedded length e could be shorter than d and therefore debonding would occur 218 without reaching y f . For example, it can be seen in Table 3 and Fig. 8 that the diagonal crack 219 occurred near the very end of the bar at location R2 of beam B1-1 resulting in a short embedded 220 length and consequently, this bar debonded. 221
In interpreting the strain readings, it is important to consider the fact that the reinforcing bar 222 strain will be at its highest at a crack location. Thus, even if ed  , it can be seen in Fig. 8 and 223 Table 3 that some of the measured strains in the shear reinforcing bars were below y  . However, 224 it can be expected that these bars had reached their yield strain at crack locations. 225
The debonding of some bonded bars can also be seen in Fig. 8. For 
MPa. 231
For beam S1-1 with conventional stirrups, the bars at locations R2 and R3 reached their yield 232 strength at a central deflection of 5.7 mm. This is followed by a large increase in the strain of the 233 bars at location R4, reaching a maximum strain 2040 microstrain (408 MPa) at a deflection of 234 9.9 mm. While the strain gages on the bar at location R4 showed strains below the yield strain, it 235 is possible that this reinforcement yielded at the crack location. For this case, 
Beam with conventional stirrups (Beam S1) 278
For both tests on the beams S1-1 (tests S1 for the first loading and S1-1R for the reloading) with 279 stirrups, the predictions are very close to the experimental shear capacities. The average ratio 280 / calc exp VV is 1.05 while the predicted amount of shear reinforcing bars crossed by the diagonal 281 crack v n is 2.35. These results are in good agreement with the cracking patterns shown in Fig. 6,  282 where the main diagonal crack crossed 3 and 2 bar locations for beams S1-1 and S1-1R, 283 respectively. 284 
Fig 3a
Click here to download Figure Fig 3a. pdf 
Fig 3b
Click here to download Figure Fig 3b. 
